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Abstract
We present psychophysical experiments designed to reveal the role of facilitative contour interactions (the so-called ‘association
ﬁeld’) in apparent motion. We use the Ternus display (a trio of horizontally aligned elements oscillating in apparent motion). This
display is perceived in ‘element’ motion when interframe intervals (IFIs) are short, and in ‘group’ motion when IFIs are long. Using
Gabor elements arranged collinearly or in parallel, IFI is varied to ﬁnd group motion thresholds. Consistent with a role for col-
linearity in perceptual grouping, thresholds are lower for collinear displays. The collinear vs. parallel comparison is made while
manipulating contrast, spatial frequency, eccentricity, phase, orientation jitter and element separation. Results show a clear eﬀect of
contrast not observed in lateral masking paradigms or in ‘pathﬁnder’ stimuli, with higher contrast promoting within-frame
grouping, and evidence of facilitatory interactions among parallel elements (although over a smaller scale). The tendency for col-
linear displays to group more than parallel displays declined with eccentricity with no clear diﬀerence evident at 12 deg. These
changes in group motion thresholds indicate changing association strengths among the elements and is accounted for in terms of an
association ﬁeld. Alternative accounts in terms of second-order collector units or visible persistence are considered but are not
supported by the data.  2002 Published by Elsevier Science Ltd.
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1. Introduction
Ternus (1926, 1938) devised an apparent motion
stimulus composed of two alternating frames separated
by a blank interframe interval (IFI). Each frame con-
tains a horizontal row of three equally spaced elements
(see Fig. 1(a)), with the elements in one frame displaced
horizontally relative to those in the other frame by an
amount equal to the interelement separation. Because
the horizontal displacement and interelement separation
are equal, two of the elements in one frame occupy the
same locations as two of the elements in the second
frame. The apparent motion produced by alternating
the frames of the Ternus display is perceptually ambi-
guous since the visual system is confronted with a motion
correspondence problem having several possible solu-
tions (Dawson, 1991). In principle, any element in frame
1 could be matched with any of the elements in frame 2.
In practice, observers inspecting the Ternus display
generally report one of the two following percepts (Fig.
1(b)). Either, all of the elements are seen to move as a
group (‘group’ motion), or the two inner elements (of
the composite two-frame image) are seen to remain
static while the third element jumps back and forth be-
tween the outer positions (‘element’ motion). Temporal
factors mainly govern whether the Ternus display pro-
duces group or element motion, with the most important
factor being IFI duration. For long IFIs, group motion
dominates, whereas element motion dominates for short
IFIs (Kramer & Yantis, 1997; Pantle & Petersik, 1980;
Pantle & Picciano, 1976). Similarly, as the duration for
which each frame is presented is lengthened the likeli-
hood of perceiving group motion increases (Dawson &
Wright, 1994; Petersik & Pantle, 1979). If both the IFIs
and the frame durations are short, a third percept,
known as ‘simultaneity’, is sometimes seen in which the
stimulus resembles four stationary, ﬂickering elements
Vision Research 42 (2002) 1005–1016
www.elsevier.com/locate/visres
* Corresponding author. Present address: Istituto di Neuroﬁsiolo-
gia, Via G. Moruzzi 1, Pisa 56010, Italy. Tel.: +39-050-315-3173; fax:
+39-050-315-3210.
E-mail address: david.alais@in.pi.cnr.it (D. Alais).
0042-6989/02/$ - see front matter  2002 Published by Elsevier Science Ltd.
PII: S0042-6989 (02 )00021-4
(Dawson, Nevin-Meadows, & Wright, 1994; Dawson &
Wright, 1994).
At intermediate IFIs the Ternus display elicits bista-
ble perception. If the display cycles continuously, the
apparent movement varies intermittently over time be-
tween group and element motion. Alternatively, re-
peated brief presentations are variously perceived as
either group or element. Ternus originally used his dis-
play to ﬁnd the optimal temporal conditions for per-
ceptual grouping, in keeping with the Gestalt zeitgeist
which prevailed at the time. However, the Ternus dis-
play also provides an opportunity to study spatial and
temporal inﬂuences on apparent motion and it has since
been commonly used in this context in more recent times
(Braddick & Adlard, 1978; Breitmeyer & Ritter,
1986a,b; Dawson et al., 1994; Pantle & Picciano, 1976;
Petersik & Pantle, 1979). In this application, the bi-
stability of the Ternus display is its chief appeal because
it can serve as a tool for revealing the strategies of
perceptual organisation used by the visual system to
resolve ambiguous motion correspondence.
The theoretical implications of this perceptual di-
chotomy have traditionally been viewed in terms of
Braddick’s (1974, 1980) two-process distinction involv-
ing long-range (LR) and short-range (SR) motion pro-
cesses. Brieﬂy, the SR process is thought to detect
apparent movement of elements over short spatial (e.g.,
0.25 deg) and temporal intervals (e.g., 50 ms), whereas
the LR process operates over longer spatial (e.g., 2 deg)
and temporal intervals (e.g., 200 ms). Braddick and
Adlard (1978) used this dichotomy to account for the
bistability of the Ternus display as follows. The LR
process is held to produce the percept of group motion
in the Ternus display, as the long IFIs at which group
motion dominates exceed the temporal range of the SR
process. However, for short IFIs, there is a competition
between the SR and LR processes such that the SR
process detects the ﬂicker of the inner elements (signal-
ling stationarity) leaving the LR process to signal the
end-to-end movement of the outer element as its dis-
placement exceeds the spatial range of the SR process
(Cleary & Braddick, 1990).
In the present series of experiments, our aim is to study
contour interactions in apparent motion, using the Ter-
nus display as a vehicle. To this end, we begin by using
stimuli composed of Gabor patches to permit the easy
manipulation of orientation (Experiment 1). The moti-
vation for manipulating these parameters comes from
recent psychophysical work highlighting the importance
of collinearity in perceptual grouping and salience. For
instance, detection of low contrast oriented elements is
enhanced when accompanied by high contrast ﬂanking
stimuli which are collinear with the target (Kapadia, Ito,
Gilbert, & Westheimer, 1995; Polat & Sagi, 1994). Also,
arrays of near-collinear Gabor elements become inte-
grated into larger contours, grouping together to form
smooth curves which stand out saliently from a back-
ground of randomly oriented Gabor elements (Field,
Hayes, & Hess, 1993; Hess & Dakin, 1997; Kovacs &
Julesz, 1993). Field et al. explained their observations of
contour integration in terms of an hypothetical ‘‘associ-
ation ﬁeld’’. The notion is that an oriented element has a
propensity to associate with neighbouring elements, with
the degree of association strongest for adjacent collinear
elements and decreasing as the angle and the distance
between the elements increases.
With collinearity providing such a strong cue to
perceptual grouping, we began by exploring how ori-
entation information would aﬀect perception of a Ter-
nus display. When composed of horizontal Gabor
patches, the Ternus elements are in collinear alignment.
According to the association ﬁeld proposal, the elements
in each Ternus frame should then tend to group to-
Fig. 1. (a) Illustrations of the stimuli used in these experiments. Ternus
elements were either Gabor patches, oriented either horizontally or
vertically, or Gaussian blobs of either positive or negative luminance
polarity. Only one frame of each stimulus is shown. Frame 2 was al-
ways the same as frame 1 except for a horizontal displacement equal to
the interelement separation. (b) Schematic representations of element
and of group motion percepts. Note that the stimulus elements will be
referred to as ‘inner’ or ‘outer’ elements. As illustrated, the inner ele-
ments are those which occupy the same position in frames 1 and 2. The
remaining element will be known as the outer element. It is the IFI
which determines whether element motion (short IFIs) or group mo-
tion (long IFIs) is perceived. In element motion, the inner elements are
perceived to remain stationary as the Ternus frames oscillate, while the
outer element is perceived to jump from end to end. In group motion,
all the elements are perceived to move together in a manner consistent
with the physical displacement of the Ternus frames. The balance
between element and group motion can be inﬂuenced by ‘within-frame
grouping’, since grouping would inhibit the outer element from be-
having independently of the inner elements. This should result in
stronger group motion when the Ternus elements are collinear Gabor
patches, due to facilitative lateral interactions (see Section 1).
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gether. A tendency for within-frame grouping should
bias the solution to the motion correspondence problem
towards group motion. This follows because, for local
motion to be seen, the outer element must behave inde-
pendently of the two inner elements, and any grouping
tendency would counteract this. Conversely, arranging
the Ternus elements in parallel (i.e., vertical Gabor pat-
ches) would weaken group motion since, while facilita-
tive interactions do exist among parallel elements (Field
et al., 1993; Polat & Norcia, 1998; Polat & Tyler, 1999;
Solomon & Morgan, 2000), they are much weaker than
among collinear elements. On this basis, the behaviour of
the outer element would be less strongly constrained by
within-frame grouping, thereby permitting greater inci-
dence of element motion. While contour interactions
alone cannot explain the Ternus display, we hope to
show that they can inﬂuence the SR and LR apparent
motion processes thought to underlie the Ternus display
(Braddick & Adlard, 1978). In subsequent experiments
we investigate other factors relevent to contour interac-
tions such as phase, orientation jitter, and element sep-
aration (Experiment 2), curvilinear form (Experiment 3)
and eccentricity (Experiment 4).
2. Experiment 1: Orientation, spatial frequency and
contrast
2.1. Methods
2.1.1. Observers
One of the authors (DA) and two na€ıve observers
volunteered as participants. All were experienced psy-
chophysical observers with normal or corrected acuity.
2.1.2. Apparatus and stimuli
Stimuli were programmed on an Apple G3 PowerPC
computer using Matlab software and the Psychophysics
Toolbox (Brainard, 1997). Displays were presented on a
Sony SE II monitor (1024H 768V 8bit resolution;
P104 phosphor; 75 Hz vertical refresh rate) with a mean
luminance of 22.25 cd/m2 and output non-linearities
corrected using calibrated look-up tables. Spatial reso-
lution was 57 pixel/deg. Stimuli are illustrated sche-
matically in Fig. 1(a) and were viewed binocularly from
a distance of 120 cm in a dimly lit room. The Ternus
elements were either Gabor patches, cosinusoidal grat-
ings windowed by circularly symmetric Gaussians, or
Gaussian luminance blobs. Gabor patches: Two levels of
grating spatial frequency were tested (3.5 and 7.0 c/deg),
with the standard deviations of their Gaussian windows
being 0.24 and 0.12 deg of visual angle respectively. This
resulted in Gaussian full-width, half-heights of 0.57 and
0.28 deg respectively, keeping the number of visible
grating cycles in this band constant at 2.1 at both levels
of spatial frequency. Centre-to-centre separation of the
elements, expressed in terms of the wavelength of the
sinusoid (lambda) was kept constant at 3.5 lambda for
both spatial frequencies (equivalent to 0.94 and 0.47 deg
respectively). In this way, the stimuli are equivalent at
both spatial frequencies except for a spatial scaling
factor of two that either magniﬁed or diminished the size
of the entire display. Grating contrasts were 100%, 50%,
25% of mean luminance. Gaussian blobs: The Gaussian
blobs were identical to the Gaussian component of the
Gabor patches. Ternus frames composed of these stim-
uli are the same in amplitude, spatial extent and element
separation as the Ternus frames composed of Gabor
patches. The essential diﬀerence is that the Gaussian
blobs contain no dominant orientation information.
Both positive Gaussian blobs (brighter than background
luminance) and negative Gaussian blobs (darker than
background luminance) were compared.
On a given trial, all oriented elements had the same
orientation, in both frames. They could be either vertical
(i.e., arranged in parallel) or horizontal (i.e., collinearly
arranged). To steady gaze a small ﬁxation point was
located 0.66 deg above the centre (i.e., between the two
inner elements) of the Ternus display. Elsewhere, the
video monitor was set to average luminance. The fol-
lowing seven IFIs were used (27, 40, 53, 67, 80, 93, 107)
ms, and each frame was presented for 120 ms. Between
frames and between trials, the display was maintained at
average luminance. In all trials the stimulus was dis-
placed by an amount equivalent to the interelement
separation, so that the two inner elements occupied the
same spatial location (Fig. 1(b)). The stimulus always
oscillated through two cycles (i.e., frame1–frame2–
frame1–frame2).
2.1.3. Procedure
Contrast (100%, 50% and 25%), spatial frequency (3.5
and 7.0 c/deg), and element orientation (horizontal,
vertical and Gaussian blobs) were combined factorially
and presented in completely randomised orders 48 times
each at each of the seven IFIs. The observers’ task was
to judge whether the apparent movement produced by
the oscillating Ternus frames yielded element motion or
group motion. Key presses initiated trials and recorded
responses. Between trials the screen was blank except for
the ﬁxation point. Prior to the experiment, observers
completed practice trials to become familiar with the
task and to establish a stable criterion. The dependent
variable was the percentage of group motion responses
for each combination of stimulus parameters. These
responses were plotted in the form of psychometric
functions. Weibull functions were ﬁtted using a maxi-
mum-likelihood method in order to obtain the slope and
the IFI corresponding to the group motion threshold (or
point of subjective equality, PSE) for each stimulus
combination. To obtain standard deviations for the
threshold estimates a bootstrapping procedure was used
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to resample the data (Efron & Tibshirani, 1993). The
resulting standard deviations are taken from the distri-
bution of thresholds of 100 psychometric functions
computed from the resampled data. Comparisons be-
tween pairs of thresholds were conducted using two-
group z-tests, using the standard deviation from the
bootstrap-derived distribution of thresholds.
2.2. Results and discussion
All subjects behaved similarly except for intersubject
biases to see mainly element motion or mainly group
motion. For this reason subjects’ data were pooled (in
this and following experiments), essentially aligning the
curves, and the Monte Carlo simulation was conducted
on the pooled data to generate variance estimates. Re-
sults from Experiment 1 are summarised in Fig. 2. The
main variable of interest is that of Gabor orientation. As
is clear from the Weibull functions shown in Fig. 2(a),
there was a very strong main eﬀect of orientation in the
predicted direction, with collinearly arranged Gabors
favouring group motion (PSE ¼ 55 ms) more than Ga-
bors arranged in parallel (PSE ¼ 80 ms). Group motion
thresholds were thus lower in the collinear conditions by
25 ms, or nearly two intervals on the abscissa. Given the
small standard deviations associated with these thresh-
olds (1.64 and 2.10 ms respectively), this represents a
very large eﬀect. Group motion thresholds for Ternus
displays composed of Gaussian blobs (PSE ¼ 68 ms;
SD¼ 1.59) fell approximately midway between the col-
linear and parallel conditions. Data for the positive and
the negative Gaussian blobs were virtually identical and
were pooled. Threshold for the blobs was signiﬁcantly
higher threshold than collinear Gabors (z ¼ 8:15,
p < 0:0001) and a signiﬁcantly lower threshold than
parallel Gabors (z ¼ 6:18, p < 0:0001). This pattern of
results is consistent with the association ﬁeld proposal
that collinearity provides a cue for the grouping of
contour elements and that this within-frame grouping
accounts for the stronger group motion.
The higher spatial frequency (7.0 c/deg) favoured
group motion compared to the lower (3.5 c/deg). This
was true for displays composed of oriented Gabors and
for those composed of Gaussian blobs, and the eﬀect
Fig. 2. Data from Experiment 1. (a) The main eﬀect of orientation, obtained by averaging across the other two factors (contrast and spatial fre-
quency). Group motion thresholds (PSEs) and their standard deviations are shown for each curve. Overall, relative to the Gaussian blob conditions,
collinearly arranged Gabors favoured group motion, and Gabors arranged in parallel reduced the likelihood of group motion. (b–d) Group motion as
a function of contrast for Gaussian blobs, collinear Gabors and parallel Gabors respectively. For Ternus displays composed of Gaussian blobs (panel
(b)), there was little or no tendency for group motion thresholds to change with contrast. However, for Ternus displays composed of collinear Gabors
(panel (c)), and especially for those composed of parallel Gabors (panel (d)), group motion increased with the contrast of the Ternus elements.
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occurred consistently across contrast. Thus, the data
were pooled across these factors to obtain a main eﬀect
of spatial frequency. Fitting a Weibull function to the
pooled data at each frequency reveals two curves (not
shown) of virtually identical slope but diﬀering slightly
in group motion threshold. This diﬀerence is signiﬁcant
(z ¼ 4:39, p < 0:0001) but small, with threshold for the
higher spatial frequency (PSE ¼ 63 ms; SD ¼ 1:96 ms)
being 8 ms lower than the lower spatial frequency
(PSE ¼ 71 ms; SD ¼ 1:95 ms). The eﬀect of spatial fre-
quency, although small, is consistent across all contrast
levels and is independent of whether the elements are
oriented or not, suggesting it is essentially an eﬀect of
spatial scale. This is consistent with evidence showing
that lateral interactions are more or less constant in
length apart from a spatial scaling factor (Kovacs &
Julesz, 1994; Polat & Sagi, 1993).
Fig. 2(b)–(d) shows the eﬀect of contrast, plotted
separately for the Gaussian blob conditions (Fig. 2(b)),
for the collinear Gabor conditions (Fig. 2(c)) and for the
parallel Gabor conditions (Fig. 2(d)). The data are
pooled across spatial frequency. In all conditions, group
motion thresholds became signiﬁcantly lower as contrast
increased, although the strength of the eﬀect depends on
the stimulus condition. The trend was small in the
Gaussian blob and in the collinear Gabor conditions,
spanning a range of just 5 and 9 ms respectively. A
stronger trend was observed for the parallel Gabor
conditions, where the group motion threshold was 25 ms
lower at high contrast than at low contrast. Conﬁrming
the signiﬁcance of these trends, statistical comparisons
between low and high contrast yielded signiﬁcant dif-
ferences for all conditions (Gaussian blobs: z ¼ 3:26,
p < 0:001; collinear Gabors: z ¼ 5:19, p < 0:0001; par-
allel blobs: z ¼ 10:18, p < 0:0001), as did comparisons
between low and medium contrast (Gaussian blobs:
z ¼ 2:03, p < 0:025; collinear Gabors: z ¼ 2:70, p <
0:005; parallel blobs: z ¼ 4:34, p < 0:0001). Contrary to
our ﬁnding, Petersik and Pantle (1979) found group
motion became less common as stimulus contrast in-
creased. However, they changed element luminance to
vary contrast and luminance is known to inﬂuence the
Ternus display (Pantle & Picciano, 1976). Given that we
kept average luminance constant and only varied con-
trast, and that our ﬁnding was observed in all condi-
tions––collinear, parallel, and blobs––we are conﬁdent it
represents a valid eﬀect of contrast.
3. Experiment 2: Element separation, orientation jitter
and relative phase
3.1. Methods
Methods were mostly as above except that only the
lower spatial frequency (3.5 cpd) was used and contrast
was 100% of mean luminance. Experiment 2A: IFI was
ﬁxed at 106 ms, which produced strong group motion at
element separations of 3.5 lambda in Experiment 1.
With IFI ﬁxed, a range of element separations was used
to vary the incidence of group motion. Element sepa-
rations were (3 4 5 6 7 8)k. Experiment 2B: IFI was
ﬁxed at 106 ms and element separation at 3.5 lambda.
Orientation jitter was used to reduce the incidence of
group motion. Seven levels of jitter were tested: 0, 5,
10, 15, 20, 25, 30 deg. At a given level, the jitter
amount was added to each element alternately, either
þ,,þ or ,þ, randomly over trials. Between frames,
the trio of elements was displaced and element orienta-
tions were ﬂipped so that the overlapping inner elements
always had the same orientation. While this meant the
outer element changed orientation between frames, jitter
of the outer element has no inﬂuence on group motion
thresholds (Pantle & Petersik, 1980). Experiment 2C: the
same seven IFI levels as in Experiment 1 were used. In-
phase condition: Gabor elements all had the same phase
in both frames, either 0 or 180 deg randomly over trials.
Alternating-phase condition: Gabor elements alternated
in phase, either 0,180,0 deg or 180,0,180 deg randomly
over trials.
3.2. Results and discussion
Results from Experiment 1 suggested stronger within-
frame grouping for collinear than for parallel Ternus
displays. As association strength between elements de-
creases with separation (Field et al., 1993), Experiment
2A sought to degrade within-frame grouping by in-
creasing interelement separation, predicting reduced
group motion. Results (Fig. 3(a)) are consistent with this
and show that the parallel condition was most aﬀected,
with a group motion threshold of just 4.43 lambda.
Threshold in the collinear condition was 6.17 lambda,
meaning collinearly arranged elements tolerated larger
separations before group motion became unlikely. This
implies a greater spatial extent of within-frame grouping
among collinear elements, consistent with neurophysi-
ological observations that horizontal LR connections
are longer and have more terminals in the collinear than
parallel direction (Bosking, Zhang, Schoﬁeld, & Fitz-
patrick, 1997; Fitzpatrick, 1996; Malach, Amir, Harel,
& Grinvald, 1993). The parallel condition squares with
Pantle and Petersik’s (1980) ﬁnding that reducing inter-
element separation in a display composed of vertical
line segments increases group motion. As in Experiment
1, the blob condition was intermediate between collinear
and parallel conditions with a threshold of 4.98 lambda,
signiﬁcantly higher than the parallel (z ¼ 6:11, p <
0:0001) and lower than the collinear condition (z ¼
13:97, p < 0:0001).
Experiment 2B sought to degrade within-frame group-
ing by introducing orientation jitter, since association
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strength decreases with orientation diﬀerence. Fig. 3(b)
shows collinear elements tolerated orientation jitter
more than parallel elements, with the thresholds be-
tween these conditions (16.59 and 9.87 deg of jitter re-
spectively) diﬀering signiﬁcantly (z ¼ 7:82, p < 0:0001).
That the parallel condition is more disrupted than the
collinear condition is broadly consistent with a stronger
facilitatory connectivity between collinear elements than
between parallel elements. It suggests, too, that the
orientation bandwidth of facilitatory connectivity is
broader in the collinear direction than in the parallel
direction.
Experiment 2C compared displays with same-phase
elements and alternating-phase elements. Fig. 3(c) shows
reduced group motion for alternating compared to in-
phase collinear displays (z ¼ 7:92, p < 0:0001) but no
eﬀect for parallel displays. Importantly, even when al-
ternating in phase, collinear elements grouped signiﬁ-
cantly more than parallel elements (z ¼ 10:92,
p < 0:0001), suggesting that collinear grouping still oc-
curred and supporting the claim that parallel facilitation
is much weaker than collinear (Polat & Norcia, 1996;
Polat & Tyler, 1999; Solomon & Morgan, 2000). Our
results agree with others showing that identiﬁcation of
curved paths in arrays of Gabor elements is only slightly
attenuated by phase alternations along the path (Hess &
Dakin, 1997). More generally, phase diﬀerences in non-
overlapping elements (i.e., separations exceeding 2–3
lambda, suﬃcient to activate non-overlapping receptive
ﬁelds) have little or no eﬀect on performance of tasks
thought to rely on LR horizontal connectivity (Bonneh
& Sagi, 1998; Braun, 1999; Field et al., 1993; Hess &
Dakin, 1997; Yu & Levi, 1997; Zenger & Sagi, 1996). In
light of these reports, only a slight inﬂuence of phase
alternations among collinear Ternus elements is ex-
pected. If our eﬀect is slightly larger than these reports
suggest, between-frame phase alternations in the inner
pair of elements might be a potential reason, although
correspondence strength in apparent motion is not af-
fected by phase (Green, 1986). We note also that recent
studies have found a larger inﬂuence of phase in the
lateral masking paradigm than has usually been re-
ported (Solomon & Morgan, 2000).
4. Experiment 3: Circular Ternus
Experiments 1 and 2 examined factors aﬀecting
grouping among a linear array of contour elements, with
results broadly consistent with the association ﬁeld hy-
pothesis. In Experiment 3, we created a new form of the
Ternus display in which elements are arranged in 60 deg
intervals around a virtual circle (Fig. 4(a)). Element
orientation was either aligned with the tangent or or-
thogonal to it, analogous to the collinear and parallel
conditions, respectively, in the linear Ternus.
4.1. Methods
Gabor elements were positioned on the perimeter of a
virtual circle with an angular separation of 60 deg and a
centre-to-centre separation of 3.75 lambda. This con-
strained the radius to be 1.07 deg. Frame 2 was created
by rotating frame 1 by an amount equal to the interel-
ement separation (60 deg). As with the linear Ternus,
this produced two ‘inner’ elements whose positions are
superimposed. The ‘outer’ element alternates between
Fig. 3. Data from Experiment 2. (a) With a long IFI ﬁxed at 106 ms to encourage group motion, the separation among the Ternus elements was then
increased in order to reduce the proportion of group motion responses. The resulting functions clearly show that Ternus displays composed of
collinear elements resisted this manipulation more than those composed of parallel elements, with displays composed of Gaussian blobs being in-
termediate. (b) A ﬁxed IFI of 106 ms was again used to encourage group motion, which was then degraded by added orientation jitter to the el-
ements. Collinear Ternus displays resisted this manipulation more than displays with parallel elements. (c) The inﬂuence of phase. A range of IFIs
was used to vary the incidence of group motion (as in Experiment 1) and in-phase vs. alternating-phase elements were compared. For Ternus displays
with parallel elements, phase had no eﬀect. For displays with collinear elements, phase inﬂuenced group motion thresholds such that they were higher
when elements alternated in phase compared to when they were identical in phase.
1010 D. Alais, J. Lorenceau / Vision Research 42 (2002) 1005–1016
diametrically opposed locations. Pilot experiments con-
ﬁrmed this display is bistable, with element motion at
short intervals and group motion at longer intervals. In
group motion, the elements moved as if on a rigid arc
rotating back and forth in 60 deg steps. In element
motion, the outer element jumped back and forth across
the circle’s diameter while the inner elements appeared
static and ﬂickering. Element motion dominated when
using the IFIs from Experiments 1 and 2. Frame on-
times were therefore lengthened from 120 to 160 ms and
the IFI range extended to (27, 53, 107, 213, 427) ms to
produce percepts varying from strongly element to
strongly group motion. Contrast levels of 100% and 20%
were compared.
4.2. Results and discussion
As with the classical linear Ternus, the circular Ter-
nus exhibited much more group motion in the ‘collinear’
form than in the ‘parallel’ form (z ¼ 15:67, p < 0:0001).
Indeed, group motion was rarely seen in the parallel
condition. At the longest IFI (427 ms), group motion
averaged only 60% whereas it was close to ceiling (96%)
for the collinear condition. This suggests a similar con-
clusion to Experiment 2B, that the orientation band-
width of facilitatory connectivity is broader along a
contour’s orientation than orthogonal to it. Indeed, 60
deg may exceed the orientation bandwidth in the or-
thogonal direction and explain the null eﬀect of contrast
for the parallel circular Ternus (z ¼ 1:43, p > 0:05).
Regarding contrast, while there was no eﬀect for the
parallel circular Ternus, group motion for the collinear
circular Ternus was greater at the lower contrast (z ¼
6:77, p < 0:0001). The opposite contrast trend was ob-
served in Experiment 1 for the linear display. These
conﬂicting trends are taken up in Section 6.
The large eﬀect of orientation shows that strong
collinear facilitation can occur for circular arrangements
where the orientation diﬀerence between elements is 60
deg. While facilitation among elements forming a curve
has been shown before in the path detection paradigm,
the ﬁnding using this method is that facilitation weakens
with increasing angle and has a 60 deg limit (Field et al.,
1993). This estimate may be too low (Lorenceau &
Zago, 1999). One reason is that the curved paths used by
the Hess group are masked by surrounding noise ele-
ments. Eﬀectively, as path angle increases, ﬁnding the
correct connection between elements becomes more
diﬃcult because the possibility of false matches in-
creases. With no noise elements, the circular Ternus
overcomes this limitation and reveals facilitative lateral
interactions can occur with relative orientations of 60
deg. LR interactions among noise-free Gabor elements
Fig. 4. Stimulus and data from Experiment 3. (a) A circular Ternus display was created by placing the elements on a virtual circle. From the circle’s
origin, neighbouring elements subtend an angle of 60 deg. A second frame is then created by rotating frame 1 globally through an angle equivalent to
the elements’ angular separation (60 deg in this case). As with the linear Ternus, alternating between the two frames of the circular Ternus produces
two ‘inner’ elements whose positions are superimposed and an ‘outer’ element whose position alternates. With an element separation of 60 deg, the
outer element alternates between diametrically opposed locations. At very long IFIs, group motion is perceived (i.e., the global rotation of the display
is clearly perceived). Two orientation conﬁgurations were compared: elements orthogonal to tangent (analogous the parallel condition), and elements
aligned with the tangent (analogous to the collinear condition). (b) The eﬀect of contrast on the circular Ternus: Group motion thresholds for 100%
vs. 20% contrast were very similar for the orthogonal (parallel) condition. In the aligned (collinear) condition, low contrast favoured group motion,
with group motion threshold for 20% contrast signiﬁcantly lower than for 100% contrast. Note that the abscissa is a log scale.
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in circular and semi-circular arrays also have been
demonstrated in other contexts (Bonneh & Sagi, 1998,
1999; Pettet, 1999). Recent results using path detection
suggest that contour integration is also constrained by a
temporal limit (Beaudot, Hess, & Mullen, 2000), so that
contour integration takes longer as curvature angle in-
creases. Consistent with this, the circular Ternus re-
quired longer frame on-times for group motion to occur.
5. Experiment 4: Eccentricity
The preceding experiments provide evidence for the
involvement of association ﬁelds in the perception of of
group motion in the Ternus display. Experiment 4 ca-
pitalises on Hess and Dakin’s (1997) ﬁnding that inter-
cellular lateral connectivity does not exist in the
periphery beyond about 10 deg eccentricity. Collinear
and parallel forms of the linear Ternus are compared at
eccentricities of 1, 6, and 12 deg, with weak group mo-
tion expected in the periphery.
5.1. Methods
Eccentricity was varied by manipulating the vertical
separation between the ﬁxation point and the Ternus
stimulus. To ensure constant stimulus visibility at the
three eccentricities, the stimuli were magniﬁed to match
the expanding size of V 1=V 2 receptive ﬁelds with retinal
eccentricity. This was achieved using the formula:
F ¼ 1þ E=E2, where F is the magniﬁcation factor, E is
stimulus eccentricity, and E2 is the eccentricity at which
magniﬁcation has changed by a factor or 2. E2 was es-
timated at 2.6 deg, based on psychophysical data (Levi,
Klein, & Aitsebaomo, 1985; Westheimer, 1982) and
physiological data (Dow, Snyder, Vautin, & Bauer,
1981; Rolls & Cowey, 1970). Frame times and IFIs were
as for Experiment 1. Contrast was 100%.
5.2. Results and discussion
The data in Fig. 5 show clearly that the overall level
of group motion for both conditions decreases with ec-
centricity. Group motion at the longest IFI averaged
0.83 at 1 deg eccentricity, 0.73 at 6 deg eccentricity, and
just 0.35 at 12 deg eccentricity. Concerning the orien-
tation eﬀect, at 1 deg eccentricity the diﬀerence between
the collinear and parallel conditions was large and sig-
niﬁcant (z ¼ 16:54, p < 0:0001). This diﬀerence is smal-
ler, yet still signiﬁcant, at 6 deg eccentricity (z ¼ 10:95,
p < 0:0001). Assessing the threshold diﬀerences at 12
deg eccentricity is diﬃcult because of the low proportion
of group motion responses. Fig. 5 shows the decrease in
group motion with eccentricity is not conﬁned to the
collinear condition, again indicating that parallel ele-
ments too beneﬁt from facilitative lateral interactions.
The data support Hess and Dakin’s (1997) conclusion
that lateral interactivity is limited to the central 10 deg
of the visual ﬁeld. As they reported for their ‘pathﬁnder’
stimulus, there was a qualitative diﬀerence in the nature
of the Ternus display beyond this limit. Whereas in
central and parafoveal vision lengthening IFIs reliably
enhances group motion, it was ineﬀective at 12 deg ec-
centricity. Pilot experiments showed that unlike the
circular Ternus in Experiment 3, obtaining group mo-
tion at 12 deg was not just a matter of ﬁnding suitable
timing and was very diﬃcult to elicit. Since the depen-
dence of apparent motion on stimulus duration and
interstimulus interval does not vary with eccentricity
(Baker & Braddick, 1985), it appears that reduced group
motion in the periphery reﬂects the absence of lateral
interactivity rather than an altered balance between SR
and LR apparent motion processes.
Fig. 5. Data from Experiment 4. Using the same range of ISIs as Experiment 1, collinear and parallel Ternus displays were compared at several
retinal eccentricities. Panels (a–c) show data for eccentricities of 1, 6 and 12 deg respectively. The superior level of group motion obtained with the
collinear display by comparison with the parallel display reduces with eccentricity, as does the overall level of group motion. At 12 deg eccentricity
there is no evidence of superior group motion for collinear displays.
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6. General discussion
6.1. Association ﬁelds vs. collector units
A possible alternative to the association ﬁeld account
of contour integration is based on collector units
(Morgan & Hotopf, 1989; Moulden, 1994). These are
second-order units which linearly pool the rectiﬁed
outputs of ﬁrst-stage units along an orientation trajec-
tory (Levi & Waugh, 1996; Morgan & Hotopf, 1989;
Moulden, 1994; Mussap & Levi, 1996; Polat & Norcia,
1996, 1998; Polat & Tyler, 1999). The ﬁrst-stage units
are early orientation-selective units (e.g., simple cells) of
similar orientation preference which result in an elon-
gated second-order orientation ﬁlter when pooled.
Elongated receptive ﬁelds found in deep layers of V1
provide a possible neurophysiological substrate (Bolz &
Gilbert, 1989; Gilbert & Wiesel, 1985). Psychophysical
data suggest each collector unit is scale invariant and
combines a row of about seven ﬁrst-stage units (Moul-
den, 1994). Being a linear array of oriented elements, the
Ternus display would be an ideal stimulus to drive a
collector unit. Moreover, as a second-stage unit, its re-
sponse could simply depend on the input weights of its
ﬁrst-stage sub-units, such that increasing the sub-unit
response by boosting contrast would increase the sec-
ond-stage response. Because a collector unit would re-
spond to the Ternus elements as a collected or grouped
entity (i.e., within-frame grouping), then a more strongly
driven collector unit would result in stronger group
motion and explain the contrast eﬀect in Experiment 1.
The orientation eﬀect could be explained if there were
collector units which pool sub-units with parallel ori-
entations, with a weaker grouping coeﬃcient among
parallel elements. The data concerning orientation jitter
and separation (Experiment 2) could be explained by
collector units just as easily as by association ﬁelds, and
the eccentricity constraint implied by Experiment 4 is
not critical to either model.
There are, however, empirical and theoretical reasons
to favour the association ﬁeld hypothesis. Collector
units are usually modelled as combining the rectiﬁed
outputs of their ﬁrst-stage sub-units (Levi & Waugh,
1996; Morgan, 1999; Morgan, Hole, & Glennerster,
1990; Morgan & Hotopf, 1989; Moulden, 1994). This
would imply that no eﬀect of phase should have resulted
in Experiment 2C. The fact that we did ﬁnd a phase
eﬀect counts against the collector unit account. Another
reason to doubt the collector unit account is that it
cannot reasonably explain the circular Ternus display
(Experiment 3). Collector units have never been pro-
posed to exist in a circular arrangement and, as the
number of units required to represent all curvatures
would be implausibly high (Wilson, 1991), it does not
seem a tenable possibility. Moreover, association ﬁelds
can ﬁll the same role as collector units and oﬀer the
parsimony of a single-layer network, as opposed to a
hierarchical network with a second-order layer con-
taining collector units. Another advantage is ﬂexibility:
collector units signal a ﬁxed orientation, whereas asso-
ciation ﬁelds can signal curved paths. Such ﬂexibility
arises because both cooperative and competitive inter-
actions exist in the network.
The appeal of collector units has diminished now that
the rich interactivity in V1 is well understood. LR con-
nections are believed to play an important role in sig-
nalling extended contours (Blasdel, Lund, & Fitzpatrick,
1985; Gilbert, 1992; Gilbert & Wiesel, 1989). Connec-
tions are strongest among cells with collinear orientation
preferences and depend critically on relative orientation,
becoming weaker as orientation diﬀerence increases
(Kapadia et al., 1995; Malach et al., 1993; Ts’o & Gil-
bert, 1988; Ts’o, Gilbert, & Wiesel, 1986). Neurons with
parallel orientation preferences are connected less
strongly, with interactions between cells with orthogonal
orientation preferences being even weaker (Bosking
et al., 1997; Malach et al., 1993; Nelson & Frost, 1985;
Schmidt, Goebel, L€owel, & Singer, 1997). Thus, patterns
of intrinsic connectivity among orientation-selective
units exhibit the essential characteristics of the associa-
tion ﬁeld.
6.2. Persistence hypothesis
Breitmeyer and colleagues (Breitmeyer, May, &
Williams, 1988; Breitmeyer & Ritter, 1986a,b; Ritter &
Breitmeyer, 1989) proposed that the Ternus display’s
bistable behaviour can be explained in terms of visual
persistence, the phenomenon whereby a brieﬂy ﬂashed
stimulus remains visible when it is no longer physically
present (Coltheart, 1980). Since visible persistence is
longer for brieﬂy ﬂashed stimuli, it can account for the
shift from element to group motion as IFI increases
because the inner elements would be phenomenonally
present during the interframe blank at short IFIs, leav-
ing only the outer element free to move. Several stimulus
parameters which inﬂuence the duration of visible per-
sistence, such as stimulus size, and retinal eccentricity,
also inﬂuence perception of the Ternus display in the
predicted manner (Breitmeyer et al., 1988). One problem
for the ‘persistence’ hypothesis concerns spatial fre-
quency. Higher frequencies elicit longer visible persis-
tence, yet have been found to increase group motion
(Petersik, 1986; Petersik & Grassmuck, 1981), an eﬀect
we conﬁrm in Experiment 1. Also, visible persistence is
longer for horizontal gratings than for vertical ones
(Ueno, 1983), predicting greater element motion for the
collinear Ternus. Consistently, we found the opposite
result.
A re-examination of Breitmeyer and colleagues’ data
claimed to support the persistence hypothesis re-
veals that much of it can be accommodated within the
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association ﬁeld hypothesis. Breitmeyer and Ritter
(1986b), for example, varied element size while keeping
element separation constant in absolute terms, ﬁnding
larger elements produce stronger group motion. The
association ﬁeld hypothesis predicts the same result,
since larger elements have a longer fundamental wave-
length, meaning their separation, when expressed in
terms of lambda, is less than the smaller elements (when
separation is constant), thus eliciting stronger within-
frame grouping. This tendency would be enhanced if
there were collinear energy among the elements, which
clearly there was in the Breitmeyer study as they used
square elements. Their spatial frequency study (Breit-
meyer et al., 1988) is similarly confounded as they again
kept absolute separation ﬁxed while varying the spatial
frequency of the grating patches. As LR interactions are
constant in extent except for a spatial scaling factor, it is
important to scale the entire stimulus, (i.e., both the
elements and their separation) when investigating the
eﬀects of spatial frequency (as in our Experiment 1).
Otherwise, spatial frequency is confounded with
strength of lateral interactivity. Viewed in this way,
Breitmeyer’s studies of size and spatial frequency are in
fact analogous to our element separation experiment
(Experiment 2A), in which case all data sets agree: in-
creasing element separation (in terms of lambda) de-
creases group motion. Prior to the present paper, the
only authors to scale the entire stimulus (Petersik, 1986;
Petersik & Grassmuck, 1981) found the same result we
report: increasing the spatial scale of the stimulus in-
creases group motion.
A recent study of form correspondence in the Ternus
display similarly failed to conﬁrm the persistence hy-
pothesis (Kramer & Rudd, 1999). More generally, the
visible persistence literature has been questioned for its
subjective methodology, criterion dependency and lib-
eral deﬁnition of persisting stimuli. More rigorous
methods estimate the minimum detectable blank inter-
val to be an order of magnitude smaller than visible
persistence, less than 10 ms for the spatial frequencies
used here (Georgeson & Georgeson, 1985). This squares
with the phenomenology of our Ternus displays, which
always appeared to ﬂicker, even at the shortest IFI.
6.3. A neural network
A recent computational model of interlaminar inter-
actions in V1 (Grossberg & Raizada, 2000) shows the
viability of the association ﬁeld hypothesis. It incorpo-
rates LR intrinsic connections in its layer 2=3 (an asso-
ciation ﬁeld layer, in other words). In this way it could
account for contour integration phenomena such as
superior group motion for collinear Ternus displays and
the eﬀects of jitter and element orientation. Activity at
this level is modulated by other layers, notably a layer
6–4 loop which can take input from V2 where layers 2=3
also contain LR lateral connections but with a much
longer extent than in V1. The model can also account
for other important aspects of our data, such as the
stronger eﬀect of contrast observed for parallel Ternus
displays (Experiment 1). Increasing contrast would
produce more response in the model’s contour integra-
tion layer since it (layer 2=3) takes input from layer 4
units receiving the stimulus input. However, the 6–4
loop, partially driven by layer 2=3, contains an oﬀ-sur-
round inhibition which exerts a divisive, ‘shunting’ in-
hibition on these layer 4 units so that the stronger the
collinear facilitation in the 2=3 layer, the shallower the
response vs. contrast function becomes. Eﬀectively, this
means that a given increase in stimulus contrast would
elicit less response increase when strong collinear faci-
litation is present, just as was observed in Experiment 1
(Fig. 2).
Initially, we had expected enhanced group motion at
lower contrasts. This was based on neurophysiological
studies showing facilitation is stronger at low contrast
(Polat, Mizobe, Pettet, Kasamatsu, & Norcia, 1998;
Sceniak, Ringach, Hawken, & Shapley, 1999), and on
the similarity between the stimuli used by Polat et al.
and the Ternus display (both consist of three adjacent
Gabor patches). The fact that we ﬁnd the opposite
contrast trend indicates that facilitated detection of a
target by high-contrast ﬂankers (Polat et al.) is not the
same as grouping among three high-contrast targets
(Ternus). Yet, Grossberg and Raizada’s (2000) model is
able to provide a very good simulation of Polat et al.’s
data (see their Fig. 1) as well as providing a framework
to explain our contrast data from Experiment 1. Can the
same framework also account for the opposite contrast
eﬀect observed with the circular Ternus (lower contrast
produces stronger group motion)? Although the model
is not speciﬁc about this, it could explain the eﬀect if the
divisive inhibition exerted by the 6–4 loop were strong-
est for collinear arrangements and declined with angular
diﬀerence. It could be argued that this would be a sen-
sible arrangement since the divisive inhibition serves the
important role of attenuating the mutual facilitation
among collinear units and clearly there is less need for
this as facilitation weakens with increasing relative angle
between elements. If inhibition were more narrowly
targeted along collinear orientations than excitatory in-
teractions, the facilitatory eﬀects described by Polat et al.
(1998) and Sceniak et al. (1999) could then subserve the
stronger element grouping observed at low contrast.
7. Conclusions
Ternus displays composed of Gabor patches provide
an eﬀective means for studying lateral interactions
among oriented elements in an apparent motion para-
digm. Manipulation of stimulus parameters systemati-
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cally shifts group motion thresholds in a manner con-
sistent with within-frame grouping to reveal the char-
acteristics of the association ﬁeld. We ﬁnd evidence of a
facilitatory grouping among parallel as well as collinear
elements, although lateral interactions among parallel
elements seem to have a lesser spatial extent and ori-
entation range. Conﬁrming ﬁndings obtained with other
paradigms, contour interactions seem to be constant in
spatial extent apart from a scale factor and are only seen
in central and near-peripheral vision. These results
dovetail with other recent psychophysical (Lorenceau,
Series, Georges, & Fregnac, 2000) and neurophysio-
logical (Baudot et al., 2000) ﬁndings highlighting a role
for oriented association ﬁelds in apparent motion.
Overall, the association ﬁeld proposal we discuss here
can be combined with Braddick and Adlard’s (1978)
account of element and group motion in the Ternus
display to provide a more complete theory of Ternus
phenomena.
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